INTRODUCTION AND HISTORY
========================

Cuff deficient arthritis of the glenohumeral joint encompasses a number of pathologies including rheumatoid arthritis or osteoarthritis without a competent rotator cuff, degenerative joint disease secondary to failed rotator cuff repair and cuff tear arthropathy (CTA). This article will focus on the history, pathophysiology, clinical manifestations and surgical treatment of CTA.

Robert Adams first described the clinical findings of CTA in 1857, however it was not until 1977 that Charles Neer coined the term \"cuff tear arthropathy.\" Neer et al.[@B1] went on to provide the first detailed description of CTA in 1983. CTA encompasses a condition characterized by a massive rotator cuff tear, proximal migration of the humerus resulting in femoralization of the humeral head and acetabularization of the acromion, glenoid erosion, loss of glenohumeral articular cartilage, osteoporosis of the humeral head and eventually humeral head collapse.[@B1] In 1981 the entity referred to as \"Milwaukee shoulder\" was introduced by Halverson et al.[@B2] Milwaukee shoulder involved hydroxyapatite crystals in the glenohumeral joint that lead to activated collagenase and protease activity, and thus joint destruction, in patients with rotator cuff deficiency. Neer considered the Milwaukee shoulder to be the same condition as CTA.

PATHOPHYSIOLOGY
===============

Based on his experience over an eight year period from 1975 to 1983, Neer et al.[@B1] estimated that only 4% of patients with a complete tear of the rotator cuff go on to develop CTA. That such a small percentage of patients with complete tears of the rotator cuff end up developing CTA has led to debate over the years regarding the pathophysiology underlying CTA. Neer et al.[@B1] believed that both nutritional and mechanical factors played a role in the development of CTA following a massive, chronic rotator cuff tear. Loss of the enclosed joint space leads to extravasation of synovial fluid, altered intra-articular pressure and impaired delivery of nutrients to the articular cartilage. Additionally, inactivity of the joint results in disuse osteoporosis and eventually collapse of the subchondral bone of the humeral head.[@B1] The mechanical factors result from the loss of the dynamic stabilization and concavity compression normally provided by the rotator cuff. A massive rotator cuff tear can allow proximal humeral migration resulting in abnormal trauma and wear of the glenohumeral articular cartilage, glenoid, acromion, acromioclavicular joint and coracoid.[@B1]

As previously mentioned, literature on the \"Milwaukee shoulder\" provides a hydroxyapatite crystal-mediated theory to explain the pathogenesis of CTA. This hypothesis posits that these crystals accumulate in glenohumeral joints with a massive rotator cuff tear. After being phagocytosed by cells in the synovium, collagenase and protease are released, causing destruction of articular cartilage and further soft tissue loss.[@B2]-[@B4] This results in a positive feedback cycle where crystal-induced degradation leads to more crystal formation and thus, more tissue degradation. In 1997, Collins and Harryman[@B5] synthesized Neer\'s theory on CTA pathogenesis with the crystal-mediated theory. Superior humeral migration that results from the loss of rotator cuff dynamic stability leads to abnormal trauma of the glenohumeral articular cartilage and the coracoacromial (CA) arch. This trauma releases particulate debris into the joint, setting off the previously described crystal-mediated inflammatory cascade.

CLINICAL FINDINGS AND IMAGING
=============================

CTA tends to afflict the elderly, with women more likely to have the condition than men.[@B6]-[@B9] Patients often present with complaints of chronic, progressive shoulder pain that is worse at night and with use of the shoulder.[@B1],[@B6]-[@B9] Additional complaints commonly include weakness and difficulty lifting the arm, leading to activity limitation.[@B6],[@B7] Physical examination reveals classic signs of a rotator cuff tear as well as atrophy of the supraspinatus and infraspinatus muscles.[@B1],[@B6]-[@B9] Shoulder swelling, termed the \"fluid sign,\" can be seen from the escape of glenohumeral joint synovial fluid into the subacromial bursa ([Fig. 1](#F1){ref-type="fig"}).[@B1],[@B7]-[@B9] Decreased active and passive range of motion, especially with elevation and external rotation, are typically appreciated.[@B1],[@B6]-[@B9] In some cases, the severely altered biomechanics can result in pseudoparalysis of the shoulder.

Radiographs of the shoulder comprise an important step in the diagnosis and evaluation of CTA. Glenohumeral arthritis, osteopenia of the humeral head and superior migration of the humeral head, along with its sequelae, can be seen. Humeral migration leads to changes in the acromion, acromioclavicular joint, coracoid and glenoid. Abnormal contact between the humerus and the acromion can lead to rounding off of the greater tuberosity (femoralization) and concave erosion of the underside of the acromion (acetabularization).[@B10] Superior glenoid erosion is another common sequela of superior humeral head migration. Migration results in a decreased acromiohumeral interval (AHI) on anteroposterior (AP) radiographs, which is the distance from the undersurface of the acromion to the superior aspect of the humeral head. Saupe et al.[@B11] showed that the size of rotator cuff tendon tears and the extent of fatty infiltration of the rotator cuff muscles have a significant negative correlation with the AHI (*p* \< 0.05). Keener et al.[@B12] similarly found that proximal humeral migration correlates significantly with the size of a rotator cuff tear. Hamada et al.[@B13] used the AHI on AP radiographs as the basis for a radiographic classification system of massive rotator cuff tears. In grade 1 the AHI is greater than 6 mm and in grade 2 the AHI is 5 mm or less. Grade 3 adds acetabularization of the acromion to the criteria for grade 2. Grade 4 adds glenohumeral joint space narrowing to the criteria for grade 3. In grade 5, humeral head collapse is seen.[@B13]

Other imaging modalities are not necessary to diagnose CTA but can provide additional information, assist in confirming the diagnosis, and aid in operative planning. Computed tomography (CT) can provide a more detailed view of the bony architecture that can be useful for determining the extent of bone erosion when planning treatment. Magnetic resonance imaging (MRI) provides detailed information on the soft tissue structures of the shoulder, most notably the extent of the rotator cuff tear and the quality of the rotator cuff muscles and tendons ([Fig. 2](#F2){ref-type="fig"}).

SURGICAL RECONSTRUCTION
=======================

Neer et al.[@B1] wrote in their original 1983 paper on CTA that, \"\...surgical reconstruction of these shoulders is especially difficult.\" Since the rotator cuff plays a particularly important role in shoulder stabilization, loss of a functioning cuff has proved problematic when attempting to treat these shoulders surgically. Unconstrained total shoulder arthroplasty (TSA) was used by Neer et al. to treat 26 shoulders with CTA and resulted in poor functional outcomes, thus requiring an alternative \"limited-goals\" category to assess the outcome in these shoulders.[@B1],[@B14] These \"limited-goals\" were less than 20° of external rotation and 90° of elevation post-operatively.[@B14] According to Neer\'s \"limited-goals\" category, an outcome was considered successful if the patient had no pain or mild pain, was pleased with the outcome of the procedure, and was capable of self-care. Using the \"limited-goals\" criteria, unconstrained total arthroplasty was considered successful in these 26 patients.[@B1] The major problem with TSA in patients with CTA is loosening of the glenoid component, leading to the cessation of TSA as a treatment option for these patients. The proximal humeral head migration seen with a deficient rotator cuff leads to eccentric loading of the superior aspect of the glenoid component. Over time this eccentric loading leads to loosening of the glenoid component, an occurrence that Franklin et al termed the \"rocking horse glenoid.\"[@B15] Constrained and semiconstrained total shoulder prostheses were attempted with the idea that they would prevent proximal humeral migration and thus the eccentric loading of the superior aspect of the glenoid component. However, these prostheses actually resulted in increased stresses at the superior interface of the glenoid and the component and therefore high rates of glenoid component loosening.[@B16],[@B17]

Since the major problem with TSA in shoulders with a deficient rotator cuff was loosening of the glenoid component, humeral hemiarthroplasty (HHR), which avoids the glenoid component all together, was the next logical alternative to surgically reconstruct these shoulders. In 1992 Pollock et al.[@B17] compared HHR to unconstrained TSA in 30 shoulders with glenohumeral arthritis and a deficient rotator cuff, with an average follow-up of 41 months. HHR was performed in 19 of the 30 shoulders and TSA in the other 11. Of note, 17 of the 30 shoulders were afflicted with inflammatory arthritis and 13 had CTA. Results showed equal pain relief for HHR and TSA. However, active forward elevation was significantly better in the HHR group (an average increase of 52° to a post-operative average of 112°) when compared to the TSA group (an average increase of 2° to a post-operative average of 82°). HHR also provided the benefits of a shorter and technically easier surgery, as well as an easier rotator cuff repair because of less humeral lateralization. As previously mentioned, HHR also avoids the problem of the \"rocking horse glenoid.\" Results such as these led to the transition from TSA to HHR for shoulders with CTA, and spurred numerous studies on the use of HHR in CTA. Results from these studies showed no pain or mild pain in 47-86% of shoulders with glenohumeral arthritis and a deficient rotator cuff treated with HHR.[@B18]-[@B21] Active forward elevation was found to increase by an average of 17° to 50°.[@B18]-[@B21] Additionally, based on Neer\'s \"limited-goals\" criteria, between 63% and 86% of HHR\'s were considered to have successful outcomes.[@B18],[@B19],[@B21]

Studies also began to delineate features in patients that could help predict the success of HHR for CTA. Sanchez-Sotelo et al.[@B21] pointed out the importance of an intact coracoacromial (CA) arch in shoulders receiving a HHR. Shoulders without an intact CA arch are more likely to have progressive proximal humeral head migration, instability and worse post-operative gains in forward elevation. Goldberg et al.[@B22] followed, for an average of 8.5 years, 40 shoulders treated with HHR for glenohumeral arthritis and a massive rotator cuff tear. They found that patients with a preoperative forward elevation of 90° or greater benefitted the most from HHR with regards to pain relief, function and ASES score.

Based on the results from the studies on HHR in CTA it became apparent that while HHR helped many patients and was certainly preferable to TSA, there were still a substantial number of patients left with painful and unsatisfactory shoulders. In 1985 Paul Grammont designed the Delta reverse total shoulder prosthesis.[@B23] The main goal of the reverse prosthesis was to provide a fixed center of rotation allowing the deltoid to rotate the humerus even without an intact rotator cuff providing concavity compression. In reverse prostheses the concave component replaces the humeral head and the convex component is fixed to the glenoid. This results in a \"humerosocket\" and a \"glenosphere.\" The new center of rotation for the humerus lies at the center of the glenosphere. This new center of rotation is medialized compared to normal glenohumeral anatomy, which lengthens the moment arm of the deltoid and allows for more recruitment of the anterior and posterior deltoid in abduction. Additionally, with the arm at the side the humerus is lowered relative to the acromion, which tensions the deltoid muscle fibers.[@B23],[@B24] All of these factors combine to allow the deltoid to elevate the humerus even though there is a deficient rotator cuff.

As acceptance and use of the reverse prosthesis has grown, a number of different designs have been introduced. There is the DePuy Delta based off Grammont\'s original design, the Tornier Aequalis, the Encore RSP, the Zimmer Anatomical Shoulder Inverse/Reverse, and the Zimmer TM Reverse. Studies on these modern reverse prostheses have consistently shown them to be effective at improving pain and functionality.[@B23],[@B25]-[@B29] Reverse prostheses have become particularly useful for the subset of patients in which a HHR has been shown to be less effective, notably the patients with no remaining rotator cuff, a violated CA arch, or less than 90° of forward elevation preoperatively. However, the big problem that has plagued the reverse prosthesis has been the high prevalence of complications, especially instability, infection and scapular notching. Walch et al.[@B30] looked at the complications resulting from reverse total shoulder arthroplasty (RTSA) over a 10-year period at five surgical centers with a minimum of two years of follow-up. The overall postoperative complication rate in the 363 primary RTSA cases was 12.6% (revision RTSA has a higher complication rate). The most frequent post-operative complications encountered were instability (3.3%), humeral complications (2.8% - including fractures and component loosening and disassembly), glenoid complications (2.5% - component loosening and disassembly) and infection (2.2%). In the 149 cases of CTA in the study, the postoperative complication rate was 11.4% and the reoperation rate was 4%.[@B30] Other studies on RTSA with at least 45 shoulders have reported reoperation and revision rates from 5% up to 33%.[@B23],[@B25]-[@B27],[@B31]

Among the complications of RTSA, scapular notching has garnered a great deal of attention, in part because of its high prevalence (reported as high as 96%)[@B25] and also because of its still unclear relevance to clinical outcome. Scapular notching occurs when the humeral cup impinges on the scapular neck with the arm in adduction, causing erosion of the scapular neck.[@B32] In 2008 Levigne et al.[@B32] reported on a series of 337 shoulders treated with a RTSA (132 with CTA) with an average follow-up of 47 months. The overall prevalence of scapular notching was 62%, however it was found that shoulders treated for CTA had a significantly higher prevalence of notching at 76% (*p* = 0.0004). The classification system proposed by Sirveaux et al.[@B27] is used to grade scapular notching ([Fig. 3](#F3){ref-type="fig"}). Grade 1 notching involves only scapular bone. Grade 2 notching contacts the inferior screw of the baseplate. Grade 3 notching extends to the superior aspect of the inferior screw of the baseplate. Grade 4 notching extends superior to the inferior screw of the baseplate to include the area under the baseplate. In their series, Levigne et al.[@B32] found that the prevalence of notching and the graded severity of the notching both increased over time. It is unclear though if scapular notching affects clinical outcome in RTSA. Levigne et al.[@B32] found no association between notching and a lower constant score, decreased range of motion, pain or glenoid component loosening. However, Sirveaux et al.[@B27] did find an association between grade 3 and 4 notching and a lower constant score (*p* \< 0.05).

While the jury is still out on the significance of scapular notching, attempts have already been made to try and decrease the incidence of scapular notching. Wiater[@B33] looked at the neck-shaft angle of the humeral component and the center of rotation offset of the glenoid component to determine their effects on notching. In 112 patients with inferiorly tilted glenospheres, 43 shoulders received a neck-shaft angle of 155° and no center of rotation offset (group A, [Fig. 4A](#F4){ref-type="fig"}) while 69 shoulders received a neck-shaft angle of 143° and a 2.5 mm center of rotation offset (group B, [Fig. 4B](#F4){ref-type="fig"}). Group A was 10 times more likely to have notching (33 of 43 shoulders) than group B (4 of 69 shoulders). Connor reported on a prospective series of 112 RTSA\'s with patients receiving either a humeral component with a neck-shaft angle of 155° or a humeral component with a neck-shaft angle of 143°. The patients receiving the 143° design had higher postoperative ASES scores and a significantly lower rate of notching (22.7% vs. 59.5%, *p* \< 0.01). Furthermore, 28% of the shoulders with the 155° design had grade 2 or higher notching while no shoulders with the 143° design had notching beyond grade 1.[@B34]

Concerns have also arisen regarding the durability of reverse prostheses. Guery et al.[@B31] focused on this question when they looked at the long-term survivorship of reverse prostheses in 60 shoulders. With endpoints of implant replacement, glenoid loosening, and a constant score of \< 30, survivorship at 10 years was found to be 91%, 84%, and 58% respectively. Additionally, survivorship with regards to replacement was significantly better in shoulders that received RTSA for CTA when compared to shoulders that received RTSA for a different disorder (95% vs. 77%, *p* \< 0.01).[@B31] Sirveaux et al.[@B27] found similar results in their study of 77 shoulders that received a reverse prosthesis. At five years, 91.3% had survived without component loosening or revision.

CONCLUSION
==========

While CTA remains a difficult clinical entity, much progress has been made since Neer\'s seminal paper on the topic in 1983. Knowledge about the clinical diagnosis, imaging features and indicators of severity has improved the ability to recognize CTA. Progress on delineating the pathophysiology and pathomechanics involved in CTA has shed light on the disease, although more work is needed. And lastly, the surgical reconstruction of CTA has evolved to a great extent. Outcomes with the original use of unconstrained and constrained TSA were unacceptable and thus TSA gave way to newer approaches to treat CTA such as HHR and RTSA. HHR has become the treatment of choice in younger, active patients with an active forward elevation \> 90°, an intact CA arch, minimal superior humeral migration and some torn rotator cuff that is amenable to repair. RTSA has emerged as the treatment of choice in older, more sedentary patients with an active forward elevation \< 90°, superior humeral migration, no rotator cuff amenable to repair, good glenoid bone and an intact deltoid. As more data is gathered on the treatment of CTA, especially on the role, viability and survivorship of reverse prostheses, these indications for specific treatments will be further refined.
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![(A) Coronal oblique MRI showing a massive rotator cuff tear. (B) Sagittal MRI showing fatty infiltration and atrophy of the supraspinatus muscle.](cios-2-196-g002){#F2}
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![(A) 155 degree prosthesis with no center of rotation offset. (B) 143 degree prosthesis with 2.5 mm center of rotation offset.](cios-2-196-g004){#F4}
